In recent years, the scientific community has identified the need for additional study of carbon flux in both naturally-disturbed (Baker 1995 , Dale et al. 2001 , Lindenmayer et al. 2004 ) and managed ecosystems (Chen et al. 2004 , Schultze et al. 2000 because of their widespread distribution in terrestrial landscapes. As atmospheric CO 2 concentrations continue to rise, it is important to identify and encourage management strategies that promote terrestrial carbon sequestration. Soils are one of the largest carbon pools (Post et al. 1982 ) and, therefore, changes in soil respiration rates (SRR) can have profound effects on carbon cycling. Several studies have examined the effects of forestry disturbances on SRR (e.g., Gordon et al. 1987 , Kowalski et al. 2003 , Ma et al. 2004 ), but it is still uncertain how the interaction of time since disturbance, management type, and forest ecosystem type affect SRR.
An ideal approach to examining the influences of different management techniques on SRR would be a field experiment with different treatments in which vegetation, soil, microclimate, and associated ecological processes (e.g., belowground carbon allocation) are recorded simultaneously. However, few field sites can be so strictly controlled or have the necessary infrastructure to facilitate complete data collection. Our study focused on two experimental forests where extensive research has been conducted and, consequently, key microclimatic variables, ecosystem processes, and structural characteristics have been well documented. Although the two sites differ in climate, soil, and vegetation, studies in both were designed to test how different forest management treatments can influence ecological processes; we also used the same sampling protocol at both sites. Thus, we were able to compare SRR response to 22 23 The mechanisms driving soil respiration may be affected by disturbance but the response may differ with ecosystem type (Euskirchen et al. 2003 , Zheng et al. 2005 .
Many studies have shown that microclimate affects SRR (e.g., Raich and Schlesinger 1992 , Schlentner and Van Cleve 1985 , Singh and Gupta 1977 and that management can have immediate effects on microclimate. For example, altering a forest canopy can affect solar radiation, air and soil temperature, soil moisture, and humidity (Chen et al. 1999 , Ma et al. 2004 , Zheng et al. 2000 . Thus, we were interested in determining key SRR drivers under different management scenarios via controlled experiments within the two forest ecosystems. In particular, temperature is widely used to describe variation in SRR, usually in Q 10 models, in which SRR rises exponentially by a constant rate with every 10 o C increase in temperature (Lundegardh 1927) . Predictive capabilities usually increase by adding soil moisture, especially in water-stressed ecosystems. Models with these two drivers are often sufficient to explain much of the variation in SRR (e.g., Epron et al. 1999 , Janssens et al. 2000 , Schlentner and Van Cleve 1985 . However, SRR can be influenced by many additional variables, such as soil type, nutrient availability, phenology and vegetative cover type (Singh and Gupta 1977) . Photosynthesis might also be important in driving respiration by controlling belowground carbon allocation, rhizosphere respiration, microbial activities, and nutrient quality and quantity (Högberg et al. 2001) . Many of these variables may be effected by forest management. It is, therefore, important to consider them as potential influences on SRR under different management regimes.
In this study, we measured SRR after prescribed burning and thinning to determine how management influences SRR in a conifer and a hardwood forest ecosystem. Our study objectives were to: (1) examine the changes of SRR caused by burning and thinning at a hardwood and a conifer forest, and (2) explore the potential effects of management on soil respiration by relating SRR to specific biophysical variables, including soil temperature and moisture, litter depth, vegetative patch type, and treatment type. 
Methods

Study Sites
Teakettle Experimental Forest (TEF) is located in the Sierra National Forest on the western side of the Sierra Nevada mountain range of California (36°58'N, 119°2'W Figure 1A ). It includes 1300 ha, ranges in elevation from 1980 to 2590 m, and is mostly south facing with an average slope of 10% (North et al. 2002) . TEF has a Mediterranean climate with hot, dry summers and cold, wet winters and receives an annual average 1250 mm of precipitation, mostly in the form of snow between November and May (North et al. 2002) . Mean air temperature ranges from 15.5 o C in the summer to 0.7 o C in the winter ( Figure 2 ). Soil orders are Inceptisols and Entisols and mean litter depths range from 5.4 cm in mixed conifer closed canopy to 0.7 cm in open canopy patches (North et al. 2002) . Mean canopy height is 50m, ages range up to 420 years old and mean DBH ranges from 35cm (red fir) to 53cm (Jeffrey pine; North et al. in press) . Mean soil temperature (T s ), soil moisture (M s ) , and litter depth (LD) vary by patch type and treatment (Table1).
TEF is a patchy ecosystem composed mainly of groups of mixed-conifer trees interspersed with vegetation-free zones and shrub-covered areas dominated by the nitrogen fixing mountain whitethorn (Ceanothus cordulatus Kellogg.), which accounts for almost 1/3 of the total shrub cover (North et al. 2002 The Missouri Ozark Forest Ecosystem Project (MOFEP) is located in the southeastern Missouri Ozarks (19 o 12' W and 37 o 6' N, Figure 1B ). The majority of the landscape lies at less than 300 m in elevation (Xu et al. 1997 ), slopes range from 2-39 % with an average of 24 %, and aspect range from 10-340 with an average of 160 (Roovers temperature ( Figure 2 ) that influence species distribution, through drought and windthrow (Chen et al. 1997) . MOFEP receives an annual average of 1120 mm of precipitation and experiences a mean annual temperature of 13.3 The study sites at MOFEP were classified into Ecological Landtypes (ELT; Kabrick et al. 2000a ). Information on geology, soils, and vegetation was included to expand the classification scheme to Ecological Landtype Phases (ELTP; Nigh and Schroeder 2002). We selected six dominant ELTPs for this study, which are referred to as patch types throughout the remainder of the paper: high ultic shoulder/shoulder-ridge or bench (HUS), exposed ultic back-slope (EUB), protected ultic back-slope (PUB), exposed alfic back-slope (EAB), protected alfic back-slope (PAB), and alfic bench or shoulder-ridge (ABS). 
Experimental Treatments
At TEF, all experiments were conducted within 18, four-hectare square plots, which were scaled and placed based on variogram and cluster analysis to achieve equal representative percentages of the three main mixed-conifer patch types (North et al. 2002) . Three replicates of each of six treatments were assigned to the 18 plots. Treatments were a full factorial design of burning and no burning crossed with no thinning, understory thinning and overstory thinning. Ten plots were randomly selected for sampling in this study to provide replication of each of treatment combination (Figure 1A. ). The two types of thinning were combined so that the four management types are: burn only (B), thin only (T), burned and thinned (D), and undisturbed (C). Sampling points at TEF were stratified by three dominant patch types and then randomly selected from a set of established grid points at 25-m intervals located within the four-ha study plots. A minimum of ten replicate patches for each combination of patch type (CC, OC, CECO) and treatment (C, B, T, D) were measured during the 2003 summer.
MOFEP sites were harvested according to even-aged or uneven-aged management in 1996. Missouri Department of Conservation (MDC) Forest Land Management Guidelines were used to define even-aged (E), uneven-aged (U) and no harvest (C) treatments (MDC. 1986). The three management techniques were randomly assigned to nine sites, ranging from 260-527 ha (Xu et al. 1997) , using a randomized complete block design (Brookshire et al. 1997) . Although even-aged management included a combination of clearcutting and intermediate thinning, our sampling points were only located within the clearcut areas. Uneven-aged treatments consisted of harvesting by both single-tree selection and group selection (Kabrick et al. 2000b ), but our plots were all located in areas of single-tree selection. Twelve replicates of each treatment type (U, E, C) were sampled with at least one (but usually 3) ELTP per treatment type. The exception was HUS, which did not exist in an even-age managed plot and was only sampled in the control and uneven-aged plots. Each sampling point included 8 sub-samples of SRR. 
Field Data Collection
A similar protocol was used for collection of field data at both sites. Measurements of SRR were taken biweekly from June to August at each sampling point with portable infrared gas analyzers (EGM-2 and EGM-4 Environmental Gas Monitor, PP Systems, UK) and attached SRC-1 Soil Respiration Chambers (PP Systems, UK). SRR measurements were taken on PVC collars, which were inserted about 3 cm into the ground (collars were 5 cm tall) at least one week before measurements were taken to ensure the soil environment was not disturbed at the time of sampling. SRR measurements were taken over a 2-minite period between 9:00 and 16:00 hours to minimize effects of diurnal fluctuation. Simultaneous to SRR measurements, handheld thermometers (Taylor Pocket Digital Thermometer) measured 10-cm soil temperature within 30 cm of the PVC collar. Soil moisture between 0-15 cm depth was measured using a Time Domain Reflectometry unit (Model 6050XI Soil Moisture Equipment Corp., Santa Barbara, California, USA) within 6 days of soil respiration sampling provided that no precipitation events occurred in the interim. Past research at TEF has shown that soil moisture varies little over the period of a week in the summer (Ma et al.
in press). The EGMs were calibrated weekly with standard, 700-ppm CO 2 gas under ambient air pressure, and barometric pressure readings were taken at the time of sampling to correct for differences in pressure.
Statistical Analyses
Data included SRR, soil temperature at 10 cm depth (T s ), soil moisture between 0-15cm depth (M s ), and litter depth (LD) at each sampling point at both sites during the same six sampling periods from June 1 st to August 31 st , 2003. SRR measurements at TEF were corrected for machine error (Ma et al. in press) since the EGM has been found to overestimate SRR in these conditions (Butnor and Johnsen 2004) . Log transformations were made on SRR and M s ; Shapiro-Wilks tests (Zar 1999) indicated that all data used in analyses were distributed normally, except for LD. Significance was determined based on an alpha of 0.05 unless otherwise stated.
Differences among means were tested with repeated measures analysis of variance (ANOVA; V8.0, SAS Institute Inc., Cary, North Carolina, USA). A two-way nested ANOVA was used to test if mean SRR was different by site and management within site. For this analysis, treatments were pooled together as managed (harvested, thinned, burned) and unmanaged (control). For all other tests, treatments were considered separately by type (i.e., burned, burned-thinned, thinned, control, even-aged management, uneven-aged management). Two-way, repeated measures, mixed linear model ANOVA were used to identify significant differences in SRR, T s, and M s between patch (PT) and treatment (TRT) types within each site. Kruskal-Wallis tests (Zar 1999) were conducted to determine differences in LD by TRT and PT because LD could not be normalized. We measured the degree of change in SRR, T s , M s , and LD with treatment by calculating the percent change as the difference between the mean undisturbed and disturbed value divided by the mean undisturbed value for each sampling date. To determine the major influences on SRR at each site and within each management regime, we began our analyses with a focus on T s, and M s , which have often been found to predict soil respiration in most ecosystems and based on earlier work in TEF by Ma et al. (in press) . We used two nonlinear regression models: (1) the Q 10 model, which focuses on temperature alone (Lundegardh 1927), and (2) 
Results
SRR Response to Experimental Treatments
SRR differed significantly by site and by management within site ( Figure 3 , Table 2 ). In addition, SRR responded differently by treatment and patch type within the two sites (Table 2 ). In general, management increased SRR at both sites ( Figure 3 ) but only selective thinning had a significant effect on SRR when treatment types were separated ( Figure 4A ). Average SRR was 43% higher in thinned than control plots at TEF (4.82 and 3.38 µmol m -2 s -1 , respectively) and 14 % higher at MOFEP (4.84 and 4.25 µmol m -2 s -1 , respectively). Soil temperature (T s ), soil moisture (M s ), and litter depth (LD) were significantly affected by management at TEF ( Figure 4B .1, C.1, and D.1), but not at MOFEP ( Figure 4B .2, C.2, and D.2).
The management-induced percent change (%∆) in SRR, T s , and M s clearly differed by treatment types at the TEF ( Figure 5A ) but not at MOFEP ( Figure 5B ). At TEF, treatment effects on M s were especially evident: thinning treatments producing the greatest change of +20 to 40% for most sampling dates; burned and burned-thinned treatments ranged between -10 and +10 % ∆. T s response also differed by treatment but to a lesser degree than M s . T s changed least with thinning-only treatments (+2 to 20%), while burning-only produced a change of -2 to +28%, and burning and thinning produced a 13 to 50% increase. The range of %∆ SRR was highest in thinned plots (+30 to 70%
with one outlier at 1%), followed by burned (-28 to +17%), and burned -thinned plots (- With the burning treatment, SRR did not significantly differ from control plots despite observations that the ranges of SRR and litter depth were much less at burned and burned-thinned plots than within the control (Figure 4) . Fire reduced litter depth variability and may have contributed to increased homogeneity in SRR. Previous research has found decreases in microbial biomass after prescribed burning treatments depending on fire intensity (Pietikainen and Fritze 1993), presumably resulting in decreased heterotrophic respiration. Fire can accelerate mineralization by altering soil pH and other soil properties (Whelan 1995) that may affect both plant and microbial growth and thereby change both autotrophic and heterotrophic respiration rates. We found no significant difference in mean effect of fire on SRR, but this does not necessarily signify a lack of response since fire can have both positive and negative effects on SRR.
The magnitude of SRR response to treatments appears to be time-dependent, because effects were much more pronounced at the mixed-conifer site where treatments were more recent. Recovery time was also different based on treatment type; unevenaged stands at MOFEP had increased SRR while even-aged stands appeared to have recovered to undisturbed levels. Net primary production, litter-fall, foliage biomass, (Brady and Weil 1999) . At MOFEP, the forest is in its active growing season during the summer and distinct seasonal temperature and moisture patterns create favorable conditions for both microbial and root respiration. Consequently, the relative contribution of microbial respiration to total SRR may be less important at MOFEP. In addition, MOFEP receives sufficient precipitation throughout the summer so that a deep litter layer would not be essential to the maintenance of soil moisture levels. 
Conclusions
Forest management can have profound effects on soil CO 2 efflux. We have begun to identify some of these impacts in a mixed-conifer and hardwood forest two and seven years post-disturbance, respectively. However, evaluating management effects requires long-term monitoring because some changes may occur immediately, as we found with 
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